We have studied the temperature dependence of the IR stretch bands of carbon monoxide (CO) in the Xe 4 internal cavity of myoglobin mutant L29W-S108L at cryogenic temperatures. Pronounced changes of band areas and positions were analyzed quantitatively by using a simple dynamic model in which CO rotation in the cavity is constrained by a static potential. The librational dynamics of the CO causes a decrease of the total spectral area. A strong local electric field splits the CO stretch absorption into a doublet, indicating that CO can assume opposite orientations in the cavity. With increasing temperature, the two peaks approach each other, because the average angle of the CO with respect to the electric field increases. A combined classical and quantum-mechanical analysis precisely reproduces the observed temperature dependencies of both spectral area and peak shifts. It yields the height of the energy barrier between the two wells associated with opposite CO orientations, V 0 Ϸ 2 kJ͞mol, and the frequency of oscillation within a well, Ϸ 25 cm ؊1 . The electric field in the protein cavity was estimated as 10 MV͞cm. E ven the simplest biological reactions exhibit a stunning level of complexity when studied in detail (1). The traditional chemical description in terms of transitions between a few discrete molecular species can only be a coarse approximation, because biological macromolecules are exceedingly complex physical systems that can assume a multitude of conformations (conformational substates) with markedly different structural and kinetic properties (2).
We have studied the temperature dependence of the IR stretch bands of carbon monoxide (CO) in the Xe 4 internal cavity of myoglobin mutant L29W-S108L at cryogenic temperatures. Pronounced changes of band areas and positions were analyzed quantitatively by using a simple dynamic model in which CO rotation in the cavity is constrained by a static potential. The librational dynamics of the CO causes a decrease of the total spectral area. A strong local electric field splits the CO stretch absorption into a doublet, indicating that CO can assume opposite orientations in the cavity. With increasing temperature, the two peaks approach each other, because the average angle of the CO with respect to the electric field increases. A combined classical and quantum-mechanical analysis precisely reproduces the observed temperature dependencies of both spectral area and peak shifts. It yields the height of the energy barrier between the two wells associated with opposite CO orientations, V 0 Ϸ 2 kJ͞mol, and the frequency of oscillation within a well, Ϸ 25 cm ؊1 . The electric field in the protein cavity was estimated as 10 MV͞cm. E ven the simplest biological reactions exhibit a stunning level of complexity when studied in detail (1) . The traditional chemical description in terms of transitions between a few discrete molecular species can only be a coarse approximation, because biological macromolecules are exceedingly complex physical systems that can assume a multitude of conformations (conformational substates) with markedly different structural and kinetic properties (2) .
Ligand binding in myoglobin (Mb), a small heme protein in mammalian muscle, has served for a long time as a biological model reaction. Pioneering low-temperature flash photolysis studies of CO and O 2 binding to Mb by Frauenfelder and coworkers (3) in the 70s gave clear evidence of protein structural heterogeneity as well as multiple intermediate states along the reaction pathway. Only in recent years have structural details of these intermediates become available. Fig. 1 shows a sketch of the free-energy surface governing ligand binding and a model of the active site of carboxymyoglobin (MbCO) (mutant L29W). After photodissociation, the CO moves from the bound-state location A to docking site B on top of the heme group. This primary photoproduct has been characterized by x-ray cryocrystallography of photolyzed MbCO crystals at 20-40 K (4-6). Fourier transform IR (FTIR) spectroscopy shows two distinct stretch bands for CO in state B (7, 8) that originate from two opposite orientations of the CO dipole with respect to an internal electric field. Recent femtosecond IR experiments (8) and time-resolved x-ray structure determinations (9) at room temperature have confirmed the relevance of docking site B in physiological ligand binding.
Sites A and B are not the only internal locations available to ligands. Cryocrystallographic studies (10) (11) (12) have shown that, under proper illumination conditions, ligands can be chased into more remote, secondary docking sites C and D, which are identical to the internal, xenon-binding cavities Xe 4 and Xe 1, respectively (13) . Ligand migration to secondary sites can be observed by the effects on CO stretch spectra (14) and on heme electronic transitions (15) . At cryogenic temperatures, ligand rebinding from these cavities is orders of magnitude in time slower than from state B (16) . Secondary sites also play an important role in room-temperature ligand binding (9) .
In Mb mutants that have leucine 29 replaced by an aromatic side chain, ligands can migrate to the Xe 4 cavity, from where recombination occurs over much higher barriers than from site B (10, 14) . In this work we photolyzed the Mb double mutant L29W-S108L to selectively populate the Xe 4 site (Fig. 1) . Rebinding from this site occurs only above 80 K, which allows us to measure the stretch spectra of CO in this cavity in the absence of rebinding. A sophisticated analysis of the temperature dependence of the spectra yields information about the ligand Abbreviations: MbCO, carboxymyoglobin; FTIR, Fourier transform IR; VSE, vibrational Stark effect. ‡ To whom correspondence should be addressed. E-mail: uli@uiuc.edu. dynamics as well as the magnitude of the electric field in the cavity.
Materials and Methods
Sample Preparation. Sperm whale Mb double mutant L29W-S108L was expressed in Escherichia coli, purified as described (17) Low-Temperature FTIR Spectroscopy. The sample was mounted on the cold finger of a closed-cycle helium cryostat (SRDK-205AW, Sumitomo, Tokyo), which allowed us to adjust the sample temperature in the range between 3 and 320 K using a digital temperature controller (model 330, Lake Shore Cryotronics, Westerville, OH). Transmission spectra in the mid-IR (1,800-2,400 cm Ϫ1 , 2 cm Ϫ1 resolution) range were collected with an FTIR spectrometer (IFS 66v͞S, Bruker, Karlsruhe, Germany). Samples were photolyzed with a continuous wave, frequencydoubled Nd:YAG laser (Forte 530-300, Laser Quantum, Manchester, U.K.).
Experimental Results
FTIR Spectra of 12 C 16 O in States A-C. Fig. 2 shows a light-minus-dark difference spectrum of mutant MbCO L29W-S108L after 1 s of photolysis at 3 K. The heme-bound CO displays a dominant IR band at Ϸ1,947 cm Ϫ1 and a minority species at Ϸ1,965 cm
Ϫ1
. In the spectral range of the photodissociated CO, a single band at Ϸ2,123 cm Ϫ1 appears, indicating that CO in the B state on top of the heme group has a strong preference for a single orientation. The second photoproduct spectrum in Fig. 2 was obtained with the identical sample after cooling at a rate of 5 mK͞s from 100 to 80 K under laser illumination and further to 3 K in the dark. This spectrum features two bands at 2,124 and 2,137 cm Ϫ1 ; it is characteristic of CO ligands that reside in the Xe 4 cavity (Fig. 1 ).
Temperature Dependence of IR bands of CO in Site C. The IR spectra of CO in the Xe 4 cavity exhibit a pronounced temperature dependence, which we have studied using a temperature-ramp protocol called temperature-derivative spectroscopy (16, 18, 19) . While slowly cooling the sample at a rate of 5 mK͞s under illumination from 100 to 80 K and further to 3 K in the dark, FTIR spectra were collected continuously, one spectrum every kelvin. With this procedure, essentially all CO ligands were transferred to photoproduct state C. From the transmittance spectra, I(, T), at successive temperatures, FTIR absorbance difference spectra, ⌬A(, T), were calculated, yielding the spectral changes occurring within 200 s (and 1 K). The data for the tion in the two peaks increases significantly after lowering the temperature; concomitantly, the two main bands shift apart from each other. The weak contours of the opposite sign between the two main bands in Fig. 3A arise from changes of the line widths.
After arrival at 3 K, a temperature ramp from 3 to 160 K was started, during which FTIR spectra were again recorded continuously. Up to Ϸ80 K, the difference spectra in Fig. 3B display decreasing band areas and converging peak positions. The spectral changes are the exact opposite of what was observed while cooling, which implies that they arise from a process in thermal equilibrium. Significant rebinding from state C occurs only above 80 K for all three isotopes, as seen in the temperaturederivative spectroscopy map in the spectral region of the hemebound CO (Fig. 3C) . The dramatic changes below 80 K are evident from the baseline-corrected integral spectra of CO in the Xe 4 cavity in Fig. 4 .
Analysis of CO Stretch Spectra Vibrational Stark Effect (VSE).
Electrostatic field interactions play a crucial role in the structural organization of complex biological molecules and in protein folding, subunit assembly, and enzymatic activity. Electric fields within a protein are difficult to measure, and only a few experimental determinations exist as of yet (20) (21) (22) . In spectroscopic experiments, these fields give rise to electrochromic band shifts, also called internal Stark shifts, caused by the interaction of a probe chromophore with the electric field of the surrounding protein (and solvent) matrix. Molecular vibrations are also sensitive to electric fields, and these perturbations can be measured through the VSE. Here we use the CO stretch absorption as a probe to measure the ligand dynamics in the Xe 4 site and the electric field, E ជ int , in this cavity. The change of the vibrational frequency due to an internal electric field can be expressed as a sum of a linear and a quadratic term in the field strength,
where ⌬ ជ and ⌬ ជ ␣ ជ are usually denoted as vibrational dipole moment and polarizability changes, respectively (23) (24) (25) . Both contributions and the angle between ⌬ ជ and the transition dipole moment ជ can be determined by line-shape analysis of VSE difference spectra generated by externally applied electric fields. Boxer and coworkers (22, 26) have shown that, for CO dissolved in frozen 2-methyl-tetrahydrofuran and MbCO, ⌬ ជ is within the experimental error parallel to ជ , and contributions from ⌬ ជ ␣ ជ can be neglected. In the simplest model, we can compute the frequency shift ⌬ of the CO dipole oriented at an angle with respect to the internal field E ជ int in the Xe 4 cavity by
where ͉⌬ ជ ͉ is called the Stark tuning rate; it originates physically from bond anharmonicity and electronic polarizability (26) . In a survey of photoproducts of many different Mb mutants, we have observed that the CO spectra in the different docking sites of Mb frequently exhibit a doublet character as in Fig. 4 (data not shown), which arises from two possible orientations of CO in the internal electrostatic field E ជ int caused by the protein matrix at the position of the CO molecule.
Classical Model of Band Shifts. Because of the weak van-der-Waals binding of CO in the Xe 4 cavity, the CO is expected to perform librational motions within the potential governed by the interactions with the surrounding residues. The appearance of doublets suggests a double-humped potential in which the CO has to surmount an energy barrier to change its orientation with respect to the electric field. With increasing temperature, the average angle ͗͘ is expected to increase and the two bands will approach each other (as seen in Fig. 4 ). To develop a simple physical model, we approximate the potential (27) by
as depicted in Fig. 1 . With Eq. 2, the observed temperaturedependent frequency shift, ⌬(T), can be computed as
where ͗cos ͘ denotes the thermal average of cos . Classically,
The probability density P() of finding the CO oriented at a particular angle with respect to the electric field vector is governed by the Boltzmann factor,
with normalization factor N(T), universal gas constant R, and absolute temperature T. The function f() accounts for degeneracies arising from the dimensionality D of the problem. In the 1D case, the CO performs torsional oscillations in a plane, and f() ϭ 1. In the 2D case, the CO moves in a cone, as sketched in Fig. 1 , and f() ϭ sin . To apply this model to the data in Fig. 4 , the peaks were fitted by Gaussians to obtain absolute line positions. The band shift with respect to the position at zero field, Eq. 4, which is not a priori known, was determined as
Here, ϩ (T) and Ϫ (T) are the absolute frequencies of the upper and lower band, respectively. This procedure is justified, because the two bands exhibit shifts with temperature by identical amounts in opposite directions within the error of the data. In 5 , the relative peak shifts ⌬(T) of the three isotopic CO species scale perfectly with the inverse ratio of the square roots of the reduced molecular masses, as expected for classical oscillators with identical spring constants and VSE theory (28) . Therefore, we have modeled the data conveniently using a reduced relative frequency shift, ␦(T), defined by
with 0 being the average or zero-field position of the CO band doublet.
In Fig. 5A , solid lines represent fits of the classical 2D model to the data in the temperature range of 25-70 K. Data above 70 K were excluded because of the presence of rebinding, which can (and does) lead to deviations [kinetic hole burning (29) ] that are outside the framework of our model. The fit yields excellent agreement between the model and the experimental data except below 20 K, where quantum effects become important (vide infra). The fit with the 1D model (dashed line) clearly fails to describe the temperature dependence correctly, which suggests that the CO indeed moves in a cone. In Fig. 5B , the average angle ͗͘ is plotted as a function of temperature. The fit parameters, i.e. the relative shifts ␦(0), the average band position 0 and the amplitude V 0 of the potential are compiled in Table 1 for the three isotope data sets. Also included are averages and the results of a global fit to all three data sets. Excellent agreement among the three isotopes suggests that the parameters were faithfully determined. Boxer and coworkers (22, 26) performed Stark spectroscopy measurements of (28)], suggesting that the dynamics in the Xe 4 cavity is less restricted than in the primary docking site.
Quantum-Mechanical Model. Below 20 K, huge deviations from the classical model become apparent. The observed flattening of the shift is indicative of quantum-mechanical zero-point vibrations that prohibit the perfect alignment of the CO dipole along the direction corresponding to the potential energy minimum. In the quantum-mechanical analysis, we have limited ourselves to small angles , which allows us to (i) project the movement of the CO in a cone onto the xy plane and (ii) approximate our potential, Eq. 3, by the leading term in its power series expansion,
as depicted in Fig. 1 . Therefore, the CO dynamics can be described by a 2D isotropic harmonic oscillator. Note that the parameter V 0 is connected to the moment of inertia I and frequency by V 0 ϭ (1͞2)I 2 . Transformation to polar coordinates (, ) yields the eigenfunctions ,l (, ) to the ( ϩ 1)-fold degenerate energy eigenvalues E ϭ ប( ϩ 1)
[10]
Here, b ϭ ͌ ប͞I, N ,͉l͉ is the normalization, and L n m (x) denotes associated Laguerre polynomials (30) .
The expectation value, ͗cos ͘, is calculated as
with thermal occupation probabilities
ͪ.
[12]
Here, g represents the degeneracy of each quantum level, Z represents the partition function, and k B denotes the Boltzmann constant.
Using the 2D quantum-mechanical harmonic oscillator, we calculated the temperature dependence of ⌬(T) below 40 K. The resulting curve, shown as a dashed line in Fig. 5A Inset, describes the saturation very well. Above 25 K, however, there are significant discrepancies from the data and the classical fit, which is expected because of the small-angle approximation and the neglect of higher-order terms in the power-series expansion Table 1 . Also shown are polar plots of the angular distributions, P(), at 25 and 70 K. of the sin 2 potential. Fig. 5B shows the saturation behavior in terms of the average angle ͗͘.
A more sophisticated quantum-mechanical analysis was not undertaken, because the relevant parameters can be extracted from the ratio of the band shifts at T ϭ 0 in the quantummechanical and classical models, which is identical to ͗cos ͘ for T 3 0 (31).
This equation allows us to determine the quantity b and thus the product I. With the parameter V 0 ϭ (1͞2)I 2 ϭ 1.98 kJ͞mol from the classical model, we have calculated I and separately (see Table 1 CO Stretch Band Areas. Not only the band shifts but also the areas are governed in their temperature dependence by the CO dynamics in the cavity. In spectroscopy theory, the experimentally determined, area-normalized spectrum, Î(), is given by the Fourier transform of the dipole autocorrelation function (27, 33) ,
[14]
Hindered rotation in a cavity will lead to a biphasic decay of ͗ ជ (0)⅐ ជ (t)͘. Over short time intervals, correlations will decay similar to those of free CO. The subsequent slower decay arises from the steric restrictions inflicted on the CO by the potential. Only this slow component in ͗ ជ (0)⅐ ជ (t)͘ gives rise to the narrow CO bands seen in Fig. 4 , whereas the fast decay leads to broad spectral components that escape detection. These effects are analogous to those encountered in neutron or Mössbauer spectroscopy on proteins, where elastic and quasielastic components appear in the spectra (34) . Considering the energy barrier of Ϸ2 kJ͞mol between the wells, end-to-end rotation of the CO is much slower than the motions in the cavity, and the amplitude of the slowly decaying component of ͗ ជ (0)⅐ ជ (t)͘ and the area of the narrow part of the spectrum are both given by (27) 
Consequently, the areas are expected to scale with the square of the normalized band shifts (Eq. 4). Note that, for T 3 0, A(T) 3 1 in the classical model, whereas quantummechanically, A(T) 3 ͗cos ͘ T30 2 . In the data analysis, entire CO spectra were integrated at each temperature. In Fig. 6A , the experimental areas are shown for the three isotopes. They were fitted with Eq. 15 (plus an additional scaling factor) in the temperature range of 25-70 K, with ͗cos ͘ calculated according to the 2D classical model. The data were scaled such that the fitted curves yield A(T 3 0) 3 1. The 2D classical model describes the loss of band area with increasing temperature very well. As with the band shifts, the 1D model (dashed line) again fails to describe the data. In Fig. 6B , we have plotted model calculations in which the parameter V 0 was varied from 1.6 to 2.4 kJ͞mol. They show how sensitively the model responds to parameter variation. Table 2 contains the parameter V 0 as obtained from fits of the 2D classical model to the individual isotope data sets as well as the average. ͗cos ͘ T30 2 was calculated from the extrapolation of the saturation level in the experimental data to T ϭ 0. Also included are the frequencies and moments of inertia I calculated from ͗cos ͘ T30 2 with Eq. 13, as already explained in connection with the quantum-mechanical analysis of the peak shifts. There is good agreement among the three isotopes. The values scatter somewhat more than in the peak-shift analysis because of the parameter sensitivity shown in Fig. 6B , so that slight, unavoidable baseline errors will affect the results markedly.
Conclusions
We have analyzed the temperature dependencies of two experimentally independent observables, peak shifts and band areas of the stretch bands of CO in the Xe 4 cavity using a simple physical model in which the two quantities depend on ͗cos ͘ and ͗cos ͘ 2 , respectively. The consistency of the parameters obtained from the two observables suggests that the model describes the physical situation very well. The analysis yields values of the barrier against CO rotation, the oscillation frequency within one orientation, and the moment of inertia of CO. The latter parameter agrees with the literature value. Here we add a few remarks about features that were introduced to keep the model simple. We have assumed that the local field in the Xe 4 cavity is parallel to the symmetry axis of the 2D torsional oscillator (see Fig. 1 ). Of course, there likely will be a tilt angle ␤ between the electric field and the symmetry axis. The shifts of the CO band positions (first moments) then will depend on the projection of the electric field onto the symmetry axis, with magnitude ͉E ជ int ͉ cos ␤, and not on the electric field itself. In principle, the tilt angle ␤ can be obtained from a careful analysis of the temperature dependence of the line broadening (second moments). Moreover, we have used a symmetric potential, which is only an approximation, as also suggested by the slightly different areas and widths of the two CO stretch bands at low temperatures (Fig. 4) . Already from simple electrostatics it is clear that one direction will be energetically favored. With ͉E ជ int ͉ Ϸ 10 MV͞cm and ͉ ជ ͉ ϭ 0.077 D for free CO in frozen 2-methyltetrahydrofuran (26) we estimate E pot ϭ 150 J͞mol, which is 7.5% of the energy barrier that restricts CO rotation. Therefore, the electrostatic contribution is not entirely insignificant.
Finally, we have modelled the protein using a static potential, and thus we have neglected the interactions of the CO torsional oscillator with low-frequency vibrations of the protein. A more elaborate analysis could be provided on the basis of a normal mode calculation. Although our simple model does not contain these additional complications, we are confident that its ability to provide consistent and reasonable parameters justifies its application.
